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ABSTRACT Using the mouse interleukin 3 (IL-3) receptor
cDNA as a probe, we obtained a homologous cDNA (KH97)
from a cDNA library of a human hemopoietic cell line, TF-1.
The protein encoded by the KH97 cDNA has 56% amino acid
sequence identity with the mouse IL-3 receptor and retains
features common to the family of cytokine receptors. Fibro-
blasts transfected with the KH97 cDNA expressed a protein of
120 kDa but did not bind any human cytokines, including IL-3
and granulocyte-macrophage colony-stimulating factor (GM-
CSF). Interestingly, cotransfection ofcDNAs for KH97 and the
low-affinity human GM-CSF receptor in fibroblasts resulted in
formation of a high-afflity receptor for GM-CSF. The disso-
ciation rate of GM-CSF from the reconstituted high-affinity
receptor was slower than that from the low-affinity site,
whereas the association rate was unchanged. Cross-linking of
'12I-labeled GM-CSF to fibroblasts cotransfected with both
cDNAs revealed the same cross-linking patterns as in TF-1
cells-i.e., two major proteins of 80 and 120 kDa which
correspond to the low-affinity GM-CSF receptor and the KH97
protein, respectively. These results indicate that the high-
affinity GM-CSF receptor is composed of at least two compo-
nents in a manner analogous to the IL-2 receptor. We therefore
propose to designate the low-affinity GM-CSF receptor and the
KH97 protein as the a and ( subunits of the GM-CSF receptor,
respectively.

All hemopoietic cells ultimately arise from self-renewing
pluripotent hemopoietic stem cells which are produced con-
tinuously in the bone marrow. Bone marrow stromal cells and
a number of soluble factors, known as cytokines, play crucial
roles in this process. Among these cytokines, interleukin 3
(IL-3), also known as multi-colony-stimulating factor (multi-
CSF), stimulates early progenitor cells and supports the
development of various cell lineages (1). While GM-CSF was
initially defined as a factor that gives rise to granulocyte and
macrophage colonies in vitro, recent evidence indicates that
GM-CSF has broader biological activities, including stimu-
lation of early hemopoietic progenitor cells and the develop-
ment of other cell lineages (2, 3).
The biological effects of both GM-CSF and IL-3 are

mediated by specific cell surface receptors. The human
GM-CSF (hGM-CSF) receptor, cloned by Gearing et al. (4),
exhibits low-affinity binding for GM-CSF when expressed on
COS7 cells. Although there is evidence indicating that GM-
CSF induces tyrosine phosphorylation (5), no tyrosine kinase
consensus sequence was found (4). It is likely that the
functional high-affinity GM-CSF receptor is composed of
multiple subunits. Both GM-CSF and IL-3 induce tyrosine

phosphorylation of a similar set of proteins (6-8) and they
have overlapping biological activities (1-3). In addition,
evidence indicates that the binding of hGM-CSF to its
receptor is partially inhibited by human IL-3 (hIL-3) and vice
versa (9-11). These results suggest that the hGM-CSF re-
ceptor and the hIL-3 receptor may share a common compo-
nent.
Mouse IL-3 (mIL-3)-responsive cells express low- and

high-affinity receptors for IL-3 (12-14). We recently isolated
a cDNA (AIC2A) encoding a low-affinity mIL-3 binding
protein which is a member of a recently identified cytokine
receptor family (15). Although AIC2A does not contain a
tyrosine kinase consensus sequence, AIC2A is a component
of the high-affinity receptor (J. Schreurs and A.M., unpub-
lished results). We also isolated a cDNA (AIC2B) which is
highly identical (95% at the nucleotide level) to the IL-3
receptor cDNA (AIC2A) but is derived from a distinct gene
(16). Despite its unusually high sequence identity with the
IL-3 receptor, the AIC2B protein does not bind IL-3 and its
function is currently unknown.

In this report, we present the cloning of a human cDNA
which has homology with the mIL-3 receptor cDNA.§ The
protein encoded by the cloned cDNA alone did not bind any
of the cytokines tested. However, it conferred high-affinity
binding for hGM-CSF when cotransfected with the low-
affinity hGM-CSF receptor cDNA. This result indicates that
the cloned IL-3 receptor-like cDNA (KH97) encodes a sec-
ond subunit of the high-affinity hGM-CSF receptor.

MATERIALS AND METHODS
Construction of cDNA Library and Isolation of cDNA

Clones. Poly(A)+ RNA isolated from TF-1 cells (17) was
converted to double-stranded cDNA by using oligo(dT) prim-
ers or specific primers corresponding to the cDNA sequence
(Fig. 1). cDNA libraries were constructed either in the Agtll
phage vector or the simian virus 40-based mammalian expres-
sion vector pME18 (K. Maruyama and A.M., unpublished
results). Using a 32P-labeled mouse IL-3 receptor cDNA
fragment (15) as a hybridization probe, we isolated a 3-kilo-
base (kb) human cDNA fragment (KH85) from the phage
library under low-stringency conditions: hybridization at
420C with 6x SSPE (1x SSPE is 150 mM NaCl/100 mM
NaH2PO4/1 mM EDTA, pH 7.4) in the presence of 20%
(vol/vol) formamide and washing at 500C with 2x SSPE.

Abbreviations: IL-2, IL-3, etc., interleukin 2, interleukin 3, etc.;
GM-CSF, granulocyte-macrophage colony-stimulating factor; h-,
human; m-, mouse.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M38275).
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experiments. NIH 3T3 mouse cells were stably transfected,
using the neo gene as a selection marker, by the calcium
phosphate procedure (19). Stable transfectants were selected
withG418 at 1 mg/mi.

Radioiodination of hGM-CSF and Binding Experiments.
Escherichia coli-derived hGM-CSF iodinated with Bolton-
Hunter reagent ('25I-GM-CSF) was used for binding assays as
described previously (20). Dissociation constants were ob-
tained by the LIGAND program (21). Chemical cross-linking
was performed with 0.2 mM disuccinimidyl suberate on
transfected COS-7 cells (106 cells) or NIH 3T3 stable trans-
fectants(3 x 106 cells) preincubated with 4 nM 1251I-GM-CSF.
Proteins were analyzed as described previously (20).

v
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FIG. 1. The cloned cDNA fragments. Typical cDNA fragments
obtained by using specific oligonucleotide primers are shown as bars,
with the unshaded portion indicating the noncoding regions. The
locations of oligonucleotides used to prime the cDNA synthesis are
shown as arrowheads A, B, and C. An oligonucleotide corresponding
to the region D and the KH85 cDNA fragment were used to isolate
these cDNA fragments. All the cloned DNA fragments had the same
sequence except for small insertions and deletions as indicated by 118
(an 18-base-pair insertion), 136 (a 36-base-pair insertion), D104 (a
104-base-pair deletion), and D3 (a 3-base-pair deletion). The KH97
cDNA was constructed with #180 (fragment a), #16 (fragment b),
and KH85 (fragment c) as indicated. SP and TM indicate the signal
peptide and the transmembrane domain, respectively. Scale indi-
cates 1 kilobase.

The cDNA encoding the low-affinity hGM-CSF receptor
was isolated by using the polymerase chain reaction primed
with specific oligonucleotides corresponding to the 5' un-
translated and the 3' untranslated regions of the published
sequence (4). The cloned DNA fragment was sequenced to
confirm the identity of the cDNA.

Transfection. Five micrograms of either individual plasmid
DNA or a combination of two plasmid DNAs was transfected
into semiconfluent COS-7 cells (African green monkey kid-
ney cells expressing the T antigen of simian virus 40) by the
DEAE-dextran method as described previously (18). Three
days after transfection, COS-7 cells were harvested and
analyzed by ligand binding assays or chemical cross-linking

RESULTS
Isolation and Characterization of a HumancDNA Homolo-

gous to the mIL-3 ReceptorcDNA. Using the mIL-3 receptor
cDNA as a probe, we screened a cDNA library made from a
human erythroleukemic cell line, TF-1, which responds to
multiple human factors, including IL-3, IL-4, IL-5, GM-CSF,
and erythropoietin (17). A cDNA clone (KH85) homologous
to the mIL-3 receptor cDNA (approximately 70% identical at
the nucleotide level) was obtained from about 4 x 105
independent clones. This clone lacks about 600 bases from its
5' end compared with the sequence of the mouse cDNA. We
therefore prepared cDNA libraries by using specific primers
based on the KH85 sequence and screened these libraries
with the KH85 probes (Fig. 1). We found only one type of
cDNA among 26 positive clones analyzed. Although several
cDNAs with an insertion and/or a deletion were isolated
(Fig. 1), these cDNAs seemed to be created by alternative
splicing rather than encoded by a distinct gene, because the
insertions and deletions were found at sites corresponding to
the exon-intron junctions of the mouse AIC2 genes (D.M.G.,
unpublished results). We reconstructed a cDNA (KH97)
encoding the entire protein (Fig. 1) and used this for further
studies.
Comparison of the amino acid sequence encoded by the

KH97 cDNA with that of the AIC2A and AIC2B proteins
showed 56% and 55% identity, respectively (Fig. 2). The
homology was distributed throughout the coding region in

KH97 1 GLLSALLAL RSLAGAEETIPLQTL YNDYTSHICWADTQDAQRLVILIRRVNEDLLEPVS LSDDMPWSACPHP. C VP RRCVIPCQSFVV
AIC2A 1 MDQQ*A*TW**CY***V****G EVTEE***V**K**E * ****NR* ****E***G*I*M**LYHQLDKI QS **EKLM**E**SHI********YTR*SN
AIC2B 1 *A*TW**CY***V**** GVTE****V**K** ****N** ****E***G*I*M** YHQL*KK Q** _I**EKLM**E**SSHIT *******YTR*SI

10 6 TDVDYFSFQPDRPLGTRLTVTLTQHVQPPEPRDLQISTDQDHFLLTWSVALGSPQSHWLSPGDLEFEVVYKRLQDSWEDAAILLSNTSQATLGP EHLMPSSTYVAR(VRTRlLAPGSRLSGR
110 G*N**Y******D**IQ*M*P*A******P*K*IH**PSG*****E***S**DS*VS***SK*I****A***********SS*HTSNF*VN*E*KLFL*N*I*A*******SA**S****
109 *NE**Y**R**SD**IQ*M*P*A*N****L*KNVS**SSE*R***E***S**DA*VS***SK*I****A***********YS*HTSKF*VNFE*KLFL*N*I*AP******Y***S****
226 fPSKWS4EVCWDSQPGDEAQPQNLE FFDGAAVLSCWEVRKEVASSVSFGLFYKPSPDAGEEE SPVLREGLG SLHTRHHC2IPVPDPATHGQYIVSVQPRRAEKHIKSSVNIQMAPPS
230 **R**.***H*******K****** ***IQS*H ***WTQTTG********R***A*P** *|***V]K*PQ A*VY**YR*SL***E*SA*S**T***KHLEQG*F*M*YYH***E**I
229 **R****AH*******K******S ***IQS*H_****WTQTTG********R***V*P**K J***VK*PP*A*VY**Y* L***E*SA*S**T***KHLEQG*F*M*YNH***E**T
345 LNVTKDGDSYSLRWETMKMRYEHIDHTFEIQYRKDTATWKDSKTETLQNAHSMALPALEPSTRYWARVRVRTSRTGYNGIWSEW PbfffJVLALIVIFLTTAVLLALRFCG
349 **Q**NR*****H***Q*IP KY*****QV**K*KSES*******N*GRVN**D**Q***D*S*C*****KPI SD*D* ***EYT*T*T *M*TLWIV**LV**IFTL****H*G R

349 **L**NR*****H***Q**A*SF*E***QV**K*KSDS*E*****N*DR****D*SQ***D*S*C*****KPI SN*D* **K**|EYT*K* *M*TLWIV**LV**ILTL**I***G _

4 65 YGYRLRRKWEEKIPNPSKSHLFQNGSAELWPPGSMSAFTSGSPPHQGPWGSRFPELEGVFPVGFGDSEVSPLTIEDPKHVCDPPSGPDTTPAASDLPTEQPPSPQPGPPAASHTPEKQA
4 67 V****TY** *Xv** ***** **L* **D*GKG* * **** *A**ATKN*AL* **QSRLLA*QQ* *SYEHLE*NN* **** ****NIIR****R* * **** **SES***L*NV*VEG*IP*SR*R* *L
468 VSV**TY***K*********L***D*GKG*******A**ATKN*AL***QSRLLA*QQ*ESYAHLE*NN*********NIIRV************SES***L*NV*VEG*TPN R*R**L

585 SSFDFNGPYLGPPHSRSLPDILGQPEPPQEGGSQKSPPPGSLEYLCLPAGGQVQLVPLAQAMGPGQAVEVERRPSQGAAGSPSLESGGGPAPPALGPRVGGQDQKDSPVAIPMSSGDTED
587 P************Q*H****LP**LGS**V***L*PAL******M***P*********S*V**Q***MD*QCGS*LETT****V*PKEN *PVELS*EK*EAR*N*MTL*I***GP*G
587 P************Q*H****LPD*LGS**V***L*PAL******M**AP*********S*V**Q***MD*QCGS*LETS****V*PKEN *PVELSMEE*EAR*N**TL*I***GP*G

705S PGVASGYVSSADLVFTPNSGASSVSLVPSLGLPSDQTPSLCPGLASGPPGAPGPVKSGFEGYVELPPIEGRSPRSPRNNPVPPEAKSPVLNPGERPADVSPTSPQPEGLLVLQQVGDYCF
704 SMM**D**TPG*P*L*LPT*PL*T**G*******A*S****LK*PRV*S*S*ALGPP***D******SVSQAAT**PGH*A**V*S**TVI***PREE*G*A**H*******R*******
704 SMM**D**TPG*P*L*LPT*PL*T**G*******A*S****LK*PRV*S*S*ALGPP***D******SVSQAAE**PGH*A**V*S**TVI***PREE*G*A**H***************
825 LPGLGPGPLSLRSKPSSPGPGPEIKNLDQAFQVKKPPGQAVPQVPVIQLFKALKQQDYLSLPPWEVNKPGEVC 897
824 *******S**PH***P**SLCS*TED***DLS***F*Y*PL**A*A**F**S**Y 878
824 *******S**PH***P**SLCS*TED*V*DLS***F*Y*PM**A*A**F**S**H*********DNSQS*K** 896

FIG. 2. Comparison of amino acid sequence of KH97 with the mouse AIC2A and AIC2B proteins. Asterisks on the mouse A1C2A and AIC2B
sequences indicate the same amino acid as that of the human KH97 sequence. The signal sequences and the transmembrane domains are shown
by boxes. The conserved cysteine residues and the WSXWS motif of the cytokine receptor family are also indicated by boxes. The WSXWS-like
sequence is indicated by the box with the dotted outlines. Potential N-linked glycosylation sites are marked by bars.
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both cases. The AIC2B protein has an extra 18 amino acids
at the C terminus compared with the mIL-3 receptor
(AIC2A), and the KH97 protein also has the extra 18 amino
acids (Fig. 2). Because of the high sequence similarity
between AIC2A and AIC2B (16), it is not clear to which of the
mouse genes the KH97 cDNA corresponds.
The KH97 mRNA was detected in the myelogenous leu-

kemic cell lines TF-1 and KG1 but not in the NK cell line YT
or the mouse IL-3- and GM-CSF-dependent cell line PT18
under stringent hybridization conditions (Fig. 3).

Expression of KH97 in COS-7. A transient expression
system using COS-7 cells was used to evaluate expression of
the KH97 cDNA. Because of its extensive sequence simi-
larity to the mIL-3 receptor cDNA, we examined whether
hIL-3 could bind to COS-7 cells transfected with the KH97
cDNA. Using up to 20 nM 125I-hIL-3, we could not detect any
specific binding. We also constructed full-length cDNAs of
KH97 variants (Fig. 1), which were presumably derived from
alternative splicing, and tested the binding of hIL-3 to trans-
fected COS-7 cells. However, we did not find any specific
binding. We then examined the binding of other cytokines.
However, hIL-2 (1 nM), hIL-4 (1 nM), hIL-5 (5 nM), hGM-
CSF (20 nM), and human erythropoietin (10 nM) all showed
no specific binding to KH97-transfected COS-7 cells at the
indicated concentrations. To exclude the possibility that
COS-7 cells failed to express the protein encoded by the
KH97 cDNA, we prepared antibodies against a peptide
encoded by the KH97 cDNA and used them to detect the
KH97 cDNA-encoded protein in COS-7 cells. Western blot-
ting using anti-peptide antibodies confirmed the expression of
a 120-kDa protein in the KH97 cDNA-transfected COS-7
cells (data not shown). We therefore concluded that the
KH97 protein did not bind any cytokines examined when
expressed in COS-7 cells.

Cotransfection of the KH97 cDNA and the GM-CSF Recep-
tor cDNA. Although the KH97 protein did not bind any of the
cytokines we examined, there still remained the possibility
that it is a component ofanother known or unknown cytokine
receptor. It has been shown that the ,B chain of the IL-2
receptor does not bind IL-2 when expressed in COS-7 cells,
but it does bind IL-2 with intermediate affinity in Jurkat cells
(22). Furthermore, coexpression of the low-affinity IL-2
receptor (a chain) and the ,B chain forms a high-affinity
binding site (22). These observations indicate that the binding
ofa ligand to its receptor can be determined by the interaction
of multiple proteins. Combining this idea with the observa-

tion that the IL-3 and GM-CSF receptors may share a

common element (9-11), we considered the possibility that
the KH97 protein is a subunit of the hGM-CSF receptor. To
examine this possibility, we cotransfected the KH97 cDNA
with the low-affinity GM-CSF receptor cDNA (4).
We examined the equilibrium binding of hGM-CSF to

COS-7 cells transfected with the hGM-CSF receptor cDNA,
the KH97 cDNA, or a combination of these cDNAs (Fig. 4).
The hGM-CSF receptor expressed exclusively low-affinity
binding sites (Kd = 3.2 nM) as reported by Gearing et al. (4),
whereas the KH97 protein alone did not express any detect-
able binding for GM-CSF. However, cotransfection of these
two cDNAs resulted in the expression of both high- (120 pM)
and low- (6.6 nM) affinity binding sites.
The same results were obtained with stable transfectants of

NIH 3T3 cells (Fig. 4): hGM-CSF receptor cDNA-transfected
NIH 3T3 cells bound hGM-CSF with Kd = 2.7 nM, whereas the
NIH 3T3 transfected with both the hGM-CSF receptor and the
KH97 cDNAs bound hGM-CSF with Kd = 170 pM. Because of
the low expression of the low-affinity hGM-CSF receptor
compared with the KH97 protein in this NIH 3T3 transfectant,
no statistically significant low-affinity binding site was found by
using the LIGAND program (21). Again no specific binding of
hGM-CSF was detected in the cells transfected with the KH97
cDNA alone.

In both COS-7 and NIH 3T3 cells, binding of 125I-hGM-
CSF was blocked by hGM-CSF but not by hIL-3. In addition,
cotransfection of the KH97 cDNA with the human IL-2
receptor a chain cDNA or the human IL-4 receptor cDNA
did not change the binding affinity of their respective ligands.
Cotransfection of the cDNAs encoding the low-affinity hGM-
CSF receptor with that for the IL-2 receptor chain, the IL-4
receptor, mouse AIC2A, or AIC2B also did not change the
affinity for hGM-CSF. Thus, formation of the high-affinity
GM-CSF receptor is specific to the combination of the
low-affinity GM-CSF receptor and the KH97 protein.
We then analyzed the binding kinetics to determine

whether the high-affinity binding of hGM-CSF to cotrans-
fected cells was due to an increased rate of association or a

decreased rate of dissociation. As shown in Fig. 5, GM-CSF
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FIG. 3. Northern blotting of poly(A)+ RNA from various cell
lines. Three micrograms ofeach poly(A)+ RNA was electrophoresed
on a 1% agarose gel, transferred to a nitrocellulose membrane, and
hybridized with the 32P-labeled KH97 cDNA. Lane 1, TF-1; lane 2,
KG-1; lane 3, YT; and lane 4, PT18. Sizes are given in kb.
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FIG. 4. Binding of '25l-hGM-CSF. (A) Duplicate suspensions of
2 x 105 COS-7 cells transiently transfected with the hGM-CSF
receptor and KH97 cDNAs were used for 1251-hGM-CSF binding
assays. (B) Duplicate suspensions of NIH 3T3 stable transfectants (5
x 106 cells) were used for binding assays. Binding assays were

performed at 4°C. o, Cells transfected with the hGM-CSF receptor
cDNA and the vector DNA. e, Cells cotransfected with the hGM-
CSF receptor cDNA and the KH97 cDNA. Scatchard plots of the
binding data are shown. (Insets) Equilibrium binding profiles.
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FIG. 5. Kinetics of binding of 1251-hGM-CSF to the receptor. (A)
Association rate. NIH 3T3 stable transfectants were incubated with
200 pM '251-hGM-CSF at 4°C for various times and the cell-bound
radioactivity was measured. (B) Dissociation rate. A 200-fold excess
of unlabeled hGM-CSF was added to the NIH 3T3 stable transfec-
tants, which were preincubated with 200 pM '251-hGM-CSF for 4 hr
at 4°C, and the residual cell-bound radioactivity was then measured
at various times at 4°C. o, NIH 3T3 cells expressing the low-affinity
hGM-CSF receptor. e, NIH 3T3 cells expressing both the hGM-CSF
receptor and the KH97 protein.

binding increased with similar kinetics in both hGM-CSF
receptor cDNA-transfected cells and cotransfected cells. In
dissociation experiments, the addition of unlabeled hGM-
CSF to cells preequilibrated with 125I-hGM-CSF led to the
rapid release of radioligand from the hGM-CSF receptor-
transfectants (ti/, = 2 min), and a slow release (til, = 290 min)
from the cells expressing both proteins. These results indi-
cate that the high-affinity binding of hGM-CSF to the co-
transfected cells is due to the slow dissociation of hGM-CSF
from the receptor.

Cross-Linking of hGM-CSF to the KH97 Protein. To test if
the KH97 protein actually binds hGM-CSF when coex-
pressed with the low-affinity hGM-CSF receptor in COS-7 or
NIH 3T3 cells, we performed chemical cross-linking exper-
iments using 125I-hGM-CSF (Fig. 6). Cross-linking of 125i-
hGM-CSF to the low-affinity hGM-CSF receptor-expressing
cells showed only one band of 95 kDa (Fig. 6B, lane 5),
whereas no specific band was detected in cells expressing
only the KH97 protein (Fig. 6B, lane 9). However, cross-
linking of the cells expressing both proteins revealed three
bands, of 95, 135, and 210 kDa (Fig. 6B, lane 6). This
cross-linking pattern was identical to that obtained with TF-1
cells (Fig. 6B, lane 10). These bands were not detected when
cross-linking was performed in the presence of an excess of
unlabeled hGM-CSF (data not shown). Subtraction of the
molecular mass of hGM-CSF from the molecular mass of the
cross-linked proteins results in calculated masses of 80, 120,
and 195 kDa, which correspond, respectively, to the low-
affinity hGM-CSF receptor, the KH97 protein, and possibly
a complex of the two. Similar results were obtained with NIH
3T3 transfectants (Fig. 6B, lanes 1-4).

Cross-linking of hGM-CSF to the KH97 protein was fur-
ther confirmed by making cytoplasmic domain deletion mu-
tants of KH97 (Fig. 6A). Deletion mutants of the KH97 cDNA
were cotransfected with the low-affinity hGM-CSF receptor
cDNA into COS-7 cells. Whereas the band at 95 kDa was not
changed, the band at 135 kDa was shifted to lower molecular
masses in cells transfected with these deletion mutants (Fig.

FIG. 6. Expression of GM-CSF receptors on COS-7 cells and
NIH 3T3 cells. (A) Structure of the cDNAs encoding the KH97
protein and its deletion mutants. KH114 is truncated at the Bgl II site
and KH112 is truncated at the Fsp I site (Fig. 1). (B) Cross-linking
of 1251-hGM-CSF to the transfected COS-7 cells or NIH 3T3 stable
transformants. Lanes 1-4, NIH 3T3 cells; lanes 5-9, COS-7 cells.
Cells were transfected with the following: lane 1, mock transfection;
lane 2, GM-CSF receptor cDNA; lane 3, KH97 cDNA; lane 4,
GM-CSF receptor cDNA and KH97 cDNA; lane 5, GM-CSF recep-
tor cDNA; lane 6, GM-CSF receptor cDNA and KH97 cDNA; lane
7, GM-CSF receptor cDNA and KH114 cDNA; lane 8, GM-CSF
receptor cDNA and KH112 cDNA; and lane 9, KH97 cDNA. Lane
10, cross-linking with TF-1 cells. Specific bands detected in COS-7
cells transfected with deletion mutants are marked by dots (lanes
6-8). Protein masses are given in kDa.

6, lanes 6-8, marked by dots). The shift ofthe molecular mass
was consistent with the shift of the bands revealed by
Western blotting using anti-peptide antibodies against the
KH97 protein (data not shown). These results clearly indicate
that the KH97 protein is cross-linked with hGM-CSF when
coexpressed with the low-affinity hGM-CSF receptor. In
addition, this experiment demonstrates that formation of the
high-affinity receptor for hGM-CSF does not require the
cytoplasmic domain of the KH97 protein.

DISCUSSION
Our results demonstrate that the low-affinity hGM-CSF
receptor together with the KH97 protein forms a high-affinity
receptor for hGM-CSF. This is analogous to the formation of
a high-affinity receptor for IL-2 by coexpression of the a and
chains ofthe IL-2 receptor. The a chain of the IL-2 receptor

binds IL-2 with low affinity (23, 24), whereas the ,B chain by
itself does not bind IL-2 when expressed in COS-7 cells (22).
However, coexpression of both chains leads to the formation
of a high-affinity receptor, and both chains can be cross-
linked with IL-2 (22). Because of similarity between the IL-2
and the hGM-CSF high-affinity receptors, we propose to
designate the low-affinity hGM-CSF receptor as the a chain
and the KH97 protein as the ,B chain of the hGM-CSF
receptor.

It is of particular interest that the KH97 cDNA was isolated
on the basis of its homology to the mIL-3 receptor. Among
various cytokines the sequence conservation of IL-3 between
mouse and human is unusually weak (only 29% identity at the
amino acid level) (25). Nevertheless we were able to isolate
a human cDNA which was homologous (56% identity at the
amino acid level) to the mIL-3 receptor cDNA. However, as
described above, we were unable to demonstrate IL-3 bind-
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ing to the KH97 protein expressed on fibroblasts. Recently,
we isolated a second mouse gene (AIC2B) which is highly
homologous to the mIL-3 receptor gene (AIC2A), but the
AIC2B protein does not bind mIL-3 (16). One possibility is
that the KH97 protein is the human protein corresponding to
the mouse AIC2B protein and therefore cannot bind IL-3. If
this is the case, there may exist an AIC2A-like human protein
which binds hIL-3. To address this question we have exten-
sively searched for additional cDNA clones which might
hybridize with either the mouse AIC2A or the human KH97
cDNA probe. However, we could not find any cDNA that is
homologous to, yet distinct from, the KH97 cDNA. Since the
abundance of the AIC2B mRNA is generally higher than that
of the AIC2A (mIL-3 receptor) mRNA in mouse (16), the
failure to identify the hIL-3 receptor cDNA may be due to its
low abundance.
Another possibility is that, unlike mice, humans do not

have two homologous genes. In this case, the IL-3 binding
protein, like IL-3, may have only weak conservation between
human and mouse. Alternatively, the KH97 protein may be
a component of both the hIL-3 and hGM-CSF receptors. IL-3
and GM-CSF induce tyrosine phosphorylation of similar sets
of proteins (5) and they have overlapping biological activities
(1-3). In addition, binding of hGM-CSF to its receptor is
partially blocked by hIL-3 and vice versa (9-11), although
IL-3 and GM-CSF have no structural homology. The KH97
protein may be shared between the hIL-3 receptor and the
hGM-CSF receptor-i.e., the KH97 protein forms the high-
affinity receptor for hGM-CSF with the a chain of the
hGM-CSF receptor and it also forms the high-affinity recep-
tor for hIL-3 with an unidentified protein which may or may
not bind hIL-3 by itself. If this is the case, the cross-
competition as well as overlapping biological activities of the
two factors may be explained. It is of interest that no
cross-competition of binding between mIL-3 and mGM-CSF
has yet been reported. If the AIC2A protein forms the
high-affinity mIL-3 receptor with an unidentified protein and
the AIC2B protein is the /3 chain of the mGM-CSF receptor,
then there may be no cross-competition between mouse
factors. As the mouse low-affinity receptor for GM-CSF has
not yet been isolated, at present we are not able to test this
hypothesis by using cotransfection with either the AIC2A or
the AIC2B cDNA. We have examined the possibility that the
low-affinity hGM-CSF receptor may form a high-affinity
receptor with either the mouse AIC2A or the AIC2B protein;
however, none of these combinations resulted in high-affinity
binding with either mouse or human GM-CSF. If there is
another human AIC2 homologue which binds hIL-3 in a
manner analogous to mouse AIC2A, cross-competition be-
tween hIL-3 and hGM-CSF may occur due to another shared
component. If this component is present abundantly in
mouse, cross-competition may not be observed. In any case,
it is important to find whether humans have two AIC2
homologues and also whether mouse AIC2B is the ,8 chain of
the mGM-CSF receptor.

Neither the a nor the /3 chain of the GM-CSF receptor has
a tyrosine kinase consensus sequence, and GM-CSF did not
induce tyrosine phosphorylation in the NIH 3T3 transfec-
tants expressing the a and ,3 subunits of the GM-CSF
receptor (T.K., unpublished data), yet GM-CSF induces
tyrosine phosphorylation in hemopoietic cells (5). Thus,
signal transduction through the GM-CSF receptor must re-
quire additional component(s). To understand the molecular
mechanisms of signal transduction it is of particular impor-
tance to identify those additional component(s) required for
signal transduction.
During the preparation of this manuscript, Metcalf et al.

(26) reported that transfection of the a subunit of hGM-CSF
receptor cDNA in a mGM-CSF-dependent mouse cell line
resulted in only low-affinity binding for hGM-CSF and a high

concentration of hGM-CSF stimulated proliferation. Inabil-
ity of the human a subunit to form a high-affinity receptor in
mouse cells is consistent with our result that cotransfection
of the human a subunit cDNA and the mouse AIC2A or
AIC2B cDNA did not result in a high-affinity binding for
hGM-CSF in COS-7 cells. However, the mechanism by
which the low-affinity hGM-CSF receptor transmits a growth
signal remains unclear.
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